Abstract-In this article we employ the third generation partnership project (3GPP) recommended path loss models for the analysis of cellular networks overlaid with D2D communication and channel inversion power control in the uplink. We characterize the coverage and average network throughput with the help of stochastic geometry. More specifically, we develop tractable expressions for the coverage in cellular and D2D modes. Our theoretical results differ significantly from previous work, which uses simple power law path loss models. The traditional methodology does not account for the presence of line-of-sight (LoS), non-line-of-sight (NLoS) and free space (FS) links. We demonstrate that such classification of links significantly impacts the inference which can be derived from the analysis for the design of overlaid D2D networks. In particular, we show that, contrary to the previous findings, the average throughput of the network does not saturate with the increase in the density of base stations (BS), but there exists an optimal mode selection threshold and BS density which maximizes the average throughput.
I. INTRODUCTION
Direct device-to-device (D2D) communication is viewed as a key ingredient for the future generation wireless networks for improving the quality of experience (QoE) of the users [1] . By exploiting the close proximity of mobile devices, higher rates with lower power utilization can be achieved. Not only does D2D communication reduce the traffic overhead on the base stations (BS), but the single hop transmission (user-user) (as opposed to the conventional two-hop cellular communication (user-BS-user)) can also significantly reduce latency.
The ad hoc nature of D2D communication raises a new set of design challenges as to how to optimally integrate D2D communication within the current cellular infrastructure. Currently available literature on D2D communication in the uplink (UL) focuses on the analysis of spectrum sharing, interference mitigation, power control and mode selection techniques [1] - [3] . However, these works assume simplistic path loss models, which do not account for the line-of-sight (LoS) and non-line-of-sight (NLoS) links and also do not differentiate between the cellular and D2D links. It is well established that transmissions from the user equipment (UE) face a lot of obstructions as the distance to the intended receiver gets large because of the low antenna heights of the UEs. This effect is worsened in urban environments where D2D communication is most applicable. Recent studies on the analysis of LoS and NLoS communication focus only on single tier downlink cellular networks [4] - [7] .
In this paper, we build upon the network model discussed in [2] for the overlaid D2D communication in the cellular UL with channel inversion power control by employing practical path loss models recommended by 3GPP for the transmissions from the UE to the BS [8] and the transmissions from the UE to UE [9] . The contributions of this paper are as follows:
• We borrow tools from stochastic geometry to fully characterize and obtain closed-form expressions for the average transmission power and coverage in cellular and D2D modes under the realistic 3GPP propagation model.
• We observe that for a given noise floor, the cellular coverage in the baseline model in [2] remains constant with the variation in BS density. Our enhanced model (based on 3GPP standards) indicates otherwise and shows that the cellular coverage decreases with an increase in the BS density. The normalized throughput of the network using the reference model saturates after a certain BS density threshold and increasing the BS density after that does not have any effect. On the contrary, our analysis with the 3GPP path loss model shows that there exists an optimal BS density, which maximizes the average throughput of the network. The rest of the paper is organized as follows. Section II outlines the hybrid network setting. Section III discusses the preliminary analysis, which includes the derivation of the expected power in cellular and D2D modes. Section IV provides the main results of cellular and D2D coverage. Section V verifies the analysis of coverage with network simulations and discusses useful insights. Section VI concludes the paper.
II. SYSTEM MODEL
We consider a UL scenario of a single tier cellular network overlaid with D2D communication and channel inversion power control. In this section, we briefly outline the important device, link and network level parameters which dictate the network performance. 
A. Spatial Model and Mode Selection
The BSs (intensity λ b ) are placed inside a regular hexagonal grid. The transmitting UEs are distributed in space according to a homogeneous Poisson point process (HPPP) Φ u ∈ R 2 with intensity λ u . We assume that only a fraction ε of the UEs can participate in D2D communication. The intended receiver of each D2D enabled user is placed at distance L from the user, where L is a Rayleigh distributed RV with probability density function (PDF) f L (x) = 2πζx exp(−ζπx 2 ). It is further assumed that the D2D enabled UE communicates in D2D mode only if the distance L is below a certain threshold µ, otherwise cellular mode is selected. The probability of D2D mode selection is then given as P[L ≤ µ] = 1 − exp(−ζπµ 2 ). Because of the independent thinning property of the HPPPs [10] , the UEs operating in D2D mode constitute an HPPP Φ d ∈ R 2 with intensity λ d = ελ u 1 − exp(−ζπµ 2 ) and the cellular UEs constitute a HPPP Φ c ∈ R 2 with intensity λ c = (1 − ε)λ u exp(−ζπµ 2 ). It is assumed that the cellular UEs are associated with the nearest BS. Notice that the transmitting D2D UE and its intended receiver may not be present in the same cell due to the ad hoc nature of the D2D network. Without any loss of generality, the performance in cellular mode is measured at a typical BS in cellular mode and a typical D2D receiver in D2D mode. For the sake of analytical tractability, we exploit the stationarity property of HPPP. Therefore, in cellular mode, the typical node is assumed to be at the origin. A similar process can be repeated to position a typical D2D receiver at the origin by translating the PPP of the D2D receivers. Fig. 1 displays the network spatial model under consideration.
B. Propagation Model and Power Control
We consider that the radio signal experiences, small scale flat fading, which is complemented by the attenuation due to the large scale path loss. We assume a Rayleigh fading environment, where the channel power h(x 1 , x 2 ) between arbitrary locations x 1 , x 2 ∈ R 2 is an i.i.d unit-mean exponential RV. Because of the i.i.d channel gains, we denote h(x 1 , x 2 ) = h in the rest of the analysis. We adopt the path loss model specified by the 3GPP standard in [9] . Consequently, the path loss model for the UE located at a distance x from its corresponding BS 1 is given as
with probability P r LOS c (x) A c,n x −αc,n with probability 1 − P r LOS c (x),
where A c,l and α c,l are the cellular LoS reference path loss and path loss exponents respectively, A c,n and α c,n are the cellular NLoS reference path loss and path loss exponents respectively, r c is a constant based on practical measurements and P r LOS c (x) is the probability of having a LoS link of the transmitting UE with the BS at distance x. It is given as [6] P r LOS c
The path loss model for the UE-UE link is slightly more involved and is given as
with probability P r
where A f s , A d,l and A d,n are the free space, D2D LoS and D2D NLoS reference path losses respectively; α f s , α d,l and α d,n are the free space, D2D LoS and D2D NLoS path loss exponents respectively; r d is a constant based on measurements; r f s = q f c is the free space distance which depends on the carrier frequency f c , where q = 2.56/c m/Hz is a constant depending on UE's antenna heights and the speed of light c; P r LOS d (x) is the probability of having a LoS link between the transmitting UE and the UE at a distance x. It is given as
We use the following non-linear approximation to simplify the expression for P r
1 Here we assume
The power received at a distance x in cellular or D2D mode (in the absence of noise) can be quantified as P
where P i is the UE transmit power in mode i. We adopt uplink channel inversion power control, where a transmitting UE inverts the path loss to serve the intended receiver. This implies
Here, ρ i is the sensitivity of the receiver in mode i. The small scale fading gain is not included in power control as it has little effect on the long term statistics and it removes the need to estimate h at every transmission slot. Furthermore, we assume that the links suffer from both co-channel interference and additive white Gaussian noise at receiver front end.
C. Spectrum Access Model
We assume that the available spectrum is divided between D2D and cellular networks. Thus, the D2D transmitters operate in an overlay mode in a disjoint spectrum partition. This enables network operator to suppress the inter-tier interference without sophisticated coordination mechanism. A fraction β of the bandwidth is allocated to the D2D UEs, while the remaining 1 − β is allocated to the cellular UEs. For cellular communication, there is no intra cell interference, i.e. only one UE is transmitting on a given channel in a cell at the particular time.
III. TRANSMIT POWER ANALYSIS
Quantification of the average transmit power of UEs in cellular and D2D modes is central for further performance analysis. More specifically, both coverage and attainable rates are coupled with the average transmit power, which shapes the received signal strength and co-channel interference. To this end, we first derive the expected transmit power of the UEs in cellular mode.
Lemma 1. The average power of a UE in cellular mode with channel inversion power control and 3GPP path loss model for UE-BS link is given as
where ρ ′ c = 2πλ b ρ c , y = min(r c , R) a 2,j = (α c,j + 2) and a 3,j = (α c,j + 3), j = {l, n}.
Proof: For tractability, we approximate the hexagonal cell with a circular cell of same area 1/λ b . The radius of the cells is then given as R = (πλ b )
Taking expectation of (6) over the distance gives
is the distribution of the distance of the UE from its BS. Since the tagged user is uniformly distributed in
Solving the above integrals results in the expression in (9) . The following Lemma gives the expected transmit power of the D2D UEs.
Lemma 2. The average power of a UE in the D2D mode with channel inversion power control and 3GPP path loss model for the UE-UE link is given as
where Proof: The proof is along similar lines as that for Lemma 1. The expected D2D transmit power can be represented as
where f L|L<µ (x) = f L (x)/1 − exp(−ζπµ 2 ). Substituting (3) and (5) and into (11) and evaluating the piecewise integral, we obtain E[P d ] in (10).
IV. ANALYSIS OF COVERAGE AND THROUGHPUT
The SINR at the intended receiver is characterized as SIN R i = ρih Ii+σ 2 , i = {c, d}, where σ 2 is the noise power and I i is the interference power at the receiver. Due to the exponentially distributed channel power h, the probability that the SINR is greater than a certain modulation dependent threshold is expressed as
where
is the Laplace transform of the interference. It is evident from (12) that in order to fully characterize the cellular and D2D coverage probabilities, we need to obtain expressions for L Ic (s c ) , and
The following theorem gives the Laplace transform of interference in the cellular mode.
Theorem 1. The Laplace transform of interference on the BS from the cellular UEs outside the cell using the 3GPP path loss
model for UE-BS link and channel inversion power control is given by (7), where
(1, 3/a; 1 + 3/a; −kx a ) and F 2 1 (a, b; c; x) is the generalized hypergeometric function [11] .
Proof: The active interfering cellular users constitute a HPPP Φ c,a with intensity λ b as only one interfering user is present in a cell. The interference in this case is characterized as I c = xm∈Φc,a\o P cm h m l c ( x m ) . This implies
where (a) follows from the probability generating functional (PGFL) of PPP [10] and employing Jensen's inequality for the expectation of power and averaging with respect to the channel power. The lower limit of integration is the minimum separation distance between the typical BS and the nearest interfering user. Substituting (1), (2), and (9) and evaluating the piece-wise integral gives the Laplace transform in (7).
Corollary 1. For the realistic case of
where δ c,n = 2/α c,n .
The Laplace transform of aggregate interference for the D2D links is given in the following theorem. 
Theorem 2. The Laplace transform of interference on the typical D2D receiver from other UEs transmitting in D2D mode using the 3GPP path loss model for UE-UE link and channel inversion power control is given by (8),
Proof: The proof follows similar steps to the proof of Theorem 1 with the exception that the interfering UEs include all active D2D UEs x m ∈ Φ d and the minimum separation distance between the typical receiver and the interfering UE is zero.
V. RESULTS AND DISCUSSION
The first step is to validate our analysis for the D2D and cellular coverage probability using Theorem 1 and 2. For the network simulations, we generate a hexagonal grid cellular network, where the area of each cell is 1/λ b . The users are distributed uniformly in each realization, where the number of users in each iteration is Poisson distributed with parameter λ u . We use the values listed in Table I unless stated otherwise.
Figs. 2 and 3 show that the Monte Carlo simulation results for D2D and cellular coverage closely match our theoretical analysis. We also compare our proposed model with the analysis in [2] . By setting the path loss model l i (x) = x −αi , A i,j = 1 and α i,j = α i , i = {c, d}, j = {n, l, f s} in (12), our model reduces to the reference model in [2] . The Laplace transform of cellular interference for the reference model is given as 
The plots reveal that the D2D coverage with the 3GPP path loss model significantly deviates from the simplistic approach in [2] . This is because of the nonlinear path loss model described in (5) . The cellular coverage however, follows a similar trend when the network is sparse (λ b = 1/π500
2 ) as the cellular path loss exponent remains fairly constant for all users. We can see from (13) that the Laplace transform of cellular interference in (14) when α c,n = α c and A c,n = 1.
The behavior of cellular coverage with the increasing BS density is studied with the help of Fig. 4 . The reference cellular coverage is not affected by the change in λ b . This is due to the channel inversion power control, as the cell size goes small, the interference power also decreases accordingly. This ideal behavior is not observed in reality with the 3GPP path loss model and we see that as λ b grows, the chances of having LoS interference links also increases, which intensifies the interference power. Hence, the probability of cellular coverage drops with the increase in λ b . Fig. 5 shows the effect of varying the mode selection threshold on the D2D coverage probability. The D2D coverage decays more steeply than the reference when the mode selection threshold is increased. This is because as µ increases, number of D2D transmitters increases. In the case of the proposed model, it also implies that the density of interfering UEs with free space path loss and LoS also increases.
A. Average throughput
The average throughput of the network under discussion is the sum of the rates of all active links normalized over the transmission bandwidth and unit area. It is expressed as
where R c and R d are the expected rates of the cellular and D2D links respectively and β is the spectrum resource partition factor. Using Shannon's capacity formulation, the cellular rate per unit bandwidth can easily be expressed
is the expectation taken over the number of active cellular users N inside the cell (including the tagged UE). The D2D rate is similarly expressed as
The average throughput is then given as
The expectation for R ′ c
and R d are computed as
We wish to see how the variation in λ b and µ impacts the throughput of our proposed model and the reference model as the throughput is a function of both the D2D and cellular coverage. Fig. 6a shows that for the proposed coverage model, the average throughput first increases with an increase in λ b and µ and attains a maximum value at a point (λ * b , µ * ) after which it decays. The increase with respect to µ is attributed to the fact that initially, the activation of more D2D users offloads cellular traffic and enables spatial frequency reuse. However, after a certain value of µ, the interference due to further activation of D2D UEs becomes dominant and reduces the average throughput. Recall from Fig. 4 that the increase in λ b results in a decrease in cellular coverage and hence R ′ c , but this decrease is initially overcome with the increase in λ b . But after a certain value of λ b , the throughput beings to decrease. Any variation in µ does not affect this optimal density λ * b . This is because, R c is the only term in (17) which depends on λ b and it is independent of µ. This, however, is not the case for µ as it appears in both terms in (17). The optimal point (λ * b , µ * ) is obtained numerically and is equal to (200/π500 2 , 40m). For the purpose of comparison, the average throughput for the reference model is displayed in Fig. 6 . A similar trend is observed with the variation in µ but a striking difference is seen for the variation in λ b . This is because, due to a simplistic path loss assumption, the cellular coverage, and hence the cellular rate, does not change with respect to λ b and as λ b grows, (17) converges to λ c (1 − β)R 
VI. CONCLUSION
This paper analyzes the cellular networks overlaid with D2D communication in the UL using path loss models recommended by the 3GPP and compares the coverage and throughput with the baseline model in [2] , which uses a simple power law path loss model and does not differentiate between the LoS, NLoS and free space regimes. The realistic path loss model significantly impacts the coverage and throughput results. A major difference is that our theoretical results confirm that as the density of the BSs grows, there is no perfect interference cancellation as suggested by the reference model. 
